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Abstract
The cAMP-dependent protein kinase (PKA) from Candida albicans is a tetramer composed of two catalytic subunits (C)
and two type II regulatory subunits (R). To evaluate the role of a putative autophosphorylation site of the R subunit (Ser180)
in the interaction with C, this site was mutated to an Ala residue. Recombinant wild-type and mutant forms of the R subunit
were expressed in Escherichia coli and purified. The wild-type recombinant R subunit was fully phosphorylated by the
purified C subunit, while the mutant form was not, confirming that Ser180 is the target for the autophosphorylation reaction.
Association and dissociation experiments conducted with both recombinant R subunits and purified C subunit showed that
intramolecular phosphorylation of the R subunit led to a decreased affinity for C. This diminished affinity was reflected by
an 8-fold increase in the concentration of R subunit needed to reach half-maximal inhibition of the kinase activity and in a
5-fold decrease in the cAMP concentration necessary to obtain half-maximal dissociation of the reconstituted holoenzyme.
Dissociation of the mutant holoenzyme by cAMP was not affected by the presence of MgATP. Metabolic labeling of yeast
cells with [32P]orthophosphate indicated that the R subunit exists as a serine phosphorylated protein. The possible
involvement of R subunit autophosphorylation in modulating C. albicans PKA activity in vivo is discussed. ß 2002
Elsevier Science B.V. All rights reserved.
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1. Introduction
It is now well established that cAMP signaling
mediates several morphogenetic processes in fungi
[1,2]. In the yeast Saccharomyces cerevisiae, cAMP
and the cAMP-dependent protein kinase (PKA)
play an important role in ¢lamentous growth [3,4].
In the dimorphic pathogenic fungus Candida albi-
cans, elevated cAMP levels correlate with ¢lamen-
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tous growth [5]. Moreover, culture conditions leading
to high endogenous concentrations of the cyclic nu-
cleotide stimulate germ tube formation from yeast
cells [6,7]. We have shown that inhibition of PKA
activity in vivo completely blocks hyphal develop-
ment [8]. Recently, it has also been reported that
deletion of both alleles of the gene encoding the
PKA catalytic subunit (TPK2) results in a mutant
strain unable to germinate in certain conditions
(L. Giasson, unpublished results and [9]). These ¢nd-
ings strongly suggest that PKA is involved in the
control of the morphological transition in C. albi-
cans.
In a previous work, we have reported the puri¢ca-
tion and characterization of C. albicans PKA. It was
found that, as for many of the PKAs characterized
so far, the enzyme is composed of two catalytic sub-
units (C) and a dimer of type II regulatory subunit
(R) arranged in a tetrameric R2C2 inactive holoen-
zyme [10].
Upon binding of cAMP to the PKA regulatory
subunits, the catalytic subunits are released as active
monomers. Modulation of PKA activity through
changes in the C/R dissociation rate is one of the
proposed regulatory mechanisms explaining the
variation in kinase activity observed in vivo. In mam-
malian systems, it has been shown that the phos-
phorylation status of R a¡ects the interaction
between R and C in type II PKAs. Thus, phosphor-
ylation of the mammalian R by C (autophosphoryla-
tion) or by the glycogen synthase kinase 3 results in a
decrease in the reassociation rate between C and R to
form the holoenzyme, while phosphorylation by a
proline-directed protein kinase produces the opposite
e¡ect, i.e. an increase in the a⁄nity of C for R
[11^13].
In order to determine whether the putative auto-
phosphorylation site (Ser180) deduced from the
C. albicans cloned R subunit (L. Giasson, unpub-
lished results) is the target for the C mediated
phosphorylation and if this phosphorylation changes
the a⁄nity of R for C, we generated a recombinant R
protein in which Ser180 was replaced by an alanine
residue.
The results obtained indicate that Ser180 is indeed
the unique site phosphorylated by C. Kinetic studies
performed in vitro with recombinant wild-type and
mutant R subunits revealed that autophosphoryla-
tion of Ser180 leads to a signi¢cant decrease in the
a⁄nity between R and puri¢ed C. This result, taken
together with the fact that the R subunit exists in
vivo as a phosphoprotein, suggests that phosphory-
lation of R could represent a physiological regulatory
mechanism of PKA activity.
2. Materials and methods
2.1. Chemicals
All chemicals were of analytical grade. Kemptide
(LRRASLG), cAMP, protein A-Sepharose CL-4B
and protease inhibitors were from Sigma. Phospho-
cellulose paper P-81 was from Whatman. Polyvinyli-
dene di£uoride (PVDF) membranes (Immobilon-P)
were from Millipore. The Immunostaining Vectas-
tain kit was from Vector. Isopropyl L-D-thiogalacto-
side (IPTG) and restriction endonucleases were from
Promega. [Q-32P]ATP (6000 Ci/mmol) and [3H]cAMP
(29 Ci/mmol) were from Dupont-NEN. X-Ray ¢lms
(Curix-Rp1) were from Agfa Gevaert. The His-Bind
kit for puri¢cation of His-tagged proteins was from
Novagen.
2.2. Strains and vectors
C. albicans strain 1001 (also ATCC 64385) was
maintained and cultured on YPD medium. Escheri-
chia coli strains MV1190 and CJ236 were used as
hosts for site-directed mutagenesis, BL21 (DE3) for
heterologous protein expression and DH10B for
plasmid selection and ampli¢cation. Vector
pET28a-c (+) from Novagen was used for protein
expression together with the E. coli strains recom-
mended by the manufacturer.
2.3. Site-directed mutagenesis of the R subunit
A cDNA encoding the C. albicans R subunit was
subcloned into the HindIII-XbaI site of pTZ18U and
oligonucleotide-directed mutagenesis was performed
using the Muta-gene in vitro Mutagenesis kit from
Bio-Rad. Due to the unusual usage of codon CUG
in C. albicans, which is decoded as Ser instead of
Leu, bases 287 and 288 of codon CTG were mutated
to generate codon TCG (LeuCSer). The sole pur-
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pose of this modi¢cation was to allow the expression
in E. coli of an R subunit having the same peptide
sequence as the one naturally occurring in C. albi-
cans. The resulting recombinant protein is referred to
as the wild-type R subunit.
To obtain the autophosphorylation-de¢cient R
subunit, the potential phosphorylation site Ser180
was mutated by changing base T to G at position
539, thus converting codon ATC into codon AGC
(SerCAla).
Transformant colonies were screened for the prop-
er mutations by the appearance of extra PvuII (ATC-
CAGC) or NspV (CTGCTCG) restriction sites in
the plasmid DNA. The mutations were con¢rmed by
single-strand dideoxy DNA automated sequencing.
Primers containing [5P] NdeI and [3P] BamHI restric-
tion sites were used to PCR amplify the HindIII-
XbaI inserts of the mutated plasmids. The ampli¢ed
products were digested with NdeI and BamHI and
subcloned into the pET28a-c (+) bacterial expression
vector. The correctness of the sequences inserted in
pET28a-c (+) was veri¢ed by automated dideoxy
DNA sequencing.
2.4. Expression and puri¢cation of the R subunits
pET28a-c (+) bearing wild-type or mutant R se-
quences were transformed into BL21(DE3) according
to standard procedures [14]. Transformants were
grown overnight at 37‡C in 3 ml of LB medium con-
taining 30 Wg/ml kanamycin. These pre-cultures were
then used to inoculate 50 ml of fresh LB-kanamycin
medium. Expression of the R subunit was induced by
the addition of 1 mM IPTG. After a 3 h incubation
period, cells were harvested and used for protein ex-
traction following Novagen’s recommendations.
The His-Tag domain adjacent to the cloning site
borne by the pET28a-c (+) vector allowed puri¢ca-
tion of the expressed fusion proteins using a Ni2
chelation resin. Puri¢cation of the recombinant N-
terminal His-tagged R subunits and elimination of
the His-Tag were performed according to the manu-
facturer’s instructions. The puri¢ed R subunits were
freed from traces of cAMP by stripping and renatu-
ration steps performed according to Etchebehere et al.
[15].
2.5. Puri¢cation of the C. albicans C subunit
The C subunit was puri¢ed to near homogeneity
from C. albicans yeast cells as described previously
[10].
2.6. cAMP-binding assay
Recombinant R subunits were incubated in 100 Wl
of 50 mM HEPES bu¡er (pH 7), 0.25 mg/ml bovine
serum albumin (BSA), 5 mM L-mercaptoethanol,
5 mM MgCl2, and various concentrations of
[3H]cAMP. After a 20 min incubation period at
30‡C, cAMP binding was measured using the ammo-
nium sulfate precipitation method of DÖskeland and
Ògreid [16]. Nonspeci¢c binding of [3H]cAMP to the
¢lters was assessed by incubating samples in the ab-
sence of R.
2.7. Polyacrylamide gel electrophoresis
Samples were mixed with an equal volume of
2USDS sample bu¡er and boiled for 2 min before
being submitted to a 15% SDS^PAGE according to
Laemmli [17]. After electrophoresis, proteins were vi-
sualized by Coomassie brilliant blue staining. Molec-
ular mass markers used were: myosin (208 kDa),
L-galactosidase (144 kDa), bovine serum albumin
(87 kDa), carbonic anhydrase (44.1 kDa), soybean
trypsin inhibitor (32.7 kDa), lysozyme (17.1 kDa)
and aprotinin (7.1 kDa).
For detection of labeled proteins, dry gels or
PVDF membranes were autoradiographed at
370‡C using Dupont ‘Lightning Plus’ intensifying
screens.
2.8. Immunoblot analysis
Electrophoretically separated proteins were trans-
ferred to PVDF membranes by semi-dry electroblot-
ting. The blots were stained reversibly with Ponceau
S, blocked with 5% nonfat dried milk and incubated
overnight with anti-R antiserum as described previ-
ously [10]. The bound antibody was detected using
the Immunostaining Vectastain kit according to the
manufacturer’s recommendations. For detecting im-
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munoprecipitated proteins, the second antibody was
replaced by biotinylated protein A.
2.9. Phosphorylation of recombinant R subunits
Phosphorylation of the recombinant R subunits
was performed at 30‡C using catalytic amounts of
puri¢ed C in a 40 Wl assay mixture containing 20
mM Tris^HCl bu¡er (pH 7.5), 10 mM MgCl2, 10
WM cAMP, 0.1 mM ATP (1^5 Ci/mmol). Aliquots
of 30 Wl were withdrawn and the reaction was
stopped by the addition of 4USDS-sample bu¡er
[17]. After boiling them for 2 min, the samples
were submitted to a 15% SDS^PAGE. The gel was
then stained with Coomassie blue, dried and auto-
radiographed. Labeled protein bands were excised
from the gel and 32P incorporation measured using
a liquid scintillation counter.
2.10. Inhibition of C kinase activity by recombinant
wild-type and mutant R subunits
Interaction between C and R subunits was inves-
tigated by measuring the ability of the R subunits to
inhibit kemptide phosphorylation by C. Puri¢ed C
subunits (2 nM) were preincubated for 60 min at
30‡C with various concentrations of R subunits in
20 mM Tris^HCl bu¡er (pH 7.5), 1 mM L-mercapto-
ethanol, in the presence or absence of 10 mM MgCl2
and 0.1 mM ATP in a ¢nal volume of 50 Wl. The
phosphorylation reactions were started by the addi-
tion of 10 Wl of a mixture containing kemptide (50
WM ¢nal concentration) and [Q-32P]ATP (1000^1500
cpm/pmol). Samples lacking MgCl2 and ATP were
supplemented with both compounds before starting
the phosphorylation reaction. Incubations were per-
formed at 30‡C for 5 min and the reactions were
stopped by the addition of 10 Wl 75 mM phosphoric
acid. Aliquots of 50 Wl were spotted onto phospho-
cellulose paper, dropped into 75 mM phosphoric acid
and washed as described by Roskoski [18].
2.11. Reconstitution and dissociation of the
holoenzyme
The PKA holoenzyme was reconstituted by com-
bining 2 nM of C subunit with 2 WM of wild-type or
mutant R subunits in 20 mM Tris^HCl bu¡er (pH
7.5), 1 mM L-mercaptoethanol, in the presence or
absence of MgATP. Preincubation of the samples
and measurement of kinase activity at various
cAMP concentrations were performed as described
above.
2.12. Metabolic labeling of C. albicans yeast cells and
immunoprecipitation
C. albicans cells (1001 strain) were grown to
late log phase in 100 ml of phosphate depleted
YPD liquid medium [19] containing carrier-free
[32P]orthophosphate (500 WCi/ml). Cells were har-
vested by centrifugation, washed twice in ice-cold
bu¡er A (20 mM sodium phosphate bu¡er (pH
6.8), 10 mM Na2P2O7, 10 mM NaF, 10 mM
Na2MO4 and 20 mM L-glycerophosphate) and bro-
ken by vortexing with glass beads in bu¡er A con-
taining 1 mM phenylmethylsulfonyl £uoride, 100 Wg/
ml pepstatin and 1 WM okadaic acid. Unbroken cells
and debris were removed by low-speed centrifugation
and the homogenate was centrifuged for 1 h at
100 000Ug. The supernatant was subjected to immu-
noprecipitation with C. albicans anti-R antiserum as
previously described [10] and the resulting pellet was
suspended in Laemmli bu¡er and submitted to SDS^
PAGE.
2.13. Phosphoamino acid analysis
The immunoprecipitated labeled R subunit was
submitted to a 15% SDS^PAGE and electroblotted
onto a PVDF membrane. The radiolabeled band was
excised and subjected to partial hydrolysis in 6 N
HCl at 110‡C for 45 min. After hydrolysis, the sam-
ple was mixed with cold phosphoamino acids and
electrophoresed on a cellulose sheet at pH 3.5
(water/acetic acid/pyridine, 945:50:5) at 1000 V as
described by Kuwahara et al. [20]. The positions of
standard phosphoamino acids were visualized with
ninhydrin.
2.14. Protein determination
Protein concentration was determined by the
method of Bradford [21] using BSA as standard.
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3. Results
3.1. Site-directed mutagenesis of the C. albicans
R subunit
The C. albicans R gene encodes a putative protein
of 459 amino acids, 53% identical to that of S. cere-
visiae (GenBank accession No. AF 317472, L. Gias-
son, unpublished results). Analysis of the deduced
amino acid sequence showed that the organization
of the functional domains is similar to that of the
yeast and mammalian homologues (Fig. 1A)
[22,23]. It also revealed the presence of the autophos-
phorylation consensus sequence: RRTS180V (Fig.
1B). It has been shown in other systems that the
serine residue present in this sequence is phosphory-
lated by the C subunit.
To determine if the putative autophosphorylation
site (Ser180) observed in C. albicans R is really phos-
phorylated by C, and if the phosphorylation status of
this site a¡ects the interaction between R and C, a
recombinant R protein was generated in which Ser180
was replaced by an alanine residue.
3.2. Expression, puri¢cation and properties of the
recombinant R subunits
Recombinant wild-type and mutant R subunits
were puri¢ed as described in Section 2. The expressed
proteins, recovered mainly in the soluble fraction,
represented approx. 15^20% of total proteins.
A typical SDS^PAGE analysis of puri¢ed re-
combinant proteins is depicted in Fig. 2. Coomassie
blue staining (Fig. 2A) reveals that the R subunits
elute from the resin practically free of contaminants.
Western blotting (Fig. 2B) shows that both wild-type
and mutant R recombinant proteins were recognized
Fig. 2. SDS^PAGE analysis of puri¢ed recombinant R sub-
units. (A) Equal amounts (1 Wg) of puri¢ed recombinant wild-
type and mutant R subunits (lane 1 and 2, respectively) stained
with Coomassie blue. The position of molecular mass markers
is shown on the left. The arrow indicates the position of C. al-
bicans native R subunit. (B) Immunoelectrophoretic blotting of
the puri¢ed proteins. Proteins from a gel identical to that
shown in A were transferred to a PVDF membrane. R subunits
were revealed with an antiserum raised against C. albicans na-
tive R subunit as described in Section 2. Lane 1, recombinant
wild-type R; lane 2, recombinant mutant R. (C) Phosphoryla-
tion of R subunits. Puri¢ed R subunits (200 ng) were phosphor-
ylated in vitro by C as indicated in Section 2. The reaction was
stopped with 10 Wl of 2USDS and the samples were subjected
to SDS^PAGE and autoradiographed. Lane 1, recombinant
wild-type R subunit incubated in the absence of C; lanes 2 and
3, recombinant wild-type and mutant R subunits, respectively,
incubated in the presence of C.
Fig. 1. Schematic representation of domain organization in R
subunits. (A) Organization of functional domains. DD, dimeri-
zation domain; IS, inhibitor consensus site; cA:A, cAMP-bind-
ing domain A; cA:B, cAMP-binding domain B. (B) Amino
acid sequence alignment surrounding the inhibitor consensus
site of bovine (RI and RII), yeast (BCY1) and C. albicans (CA)
R subunits. The inhibitor consensus site is underlined and the
potential autophosphorylation site S180 of C. albicans R is high-
lighted in bold.
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by an antiserum raised against puri¢ed native R. As
can be seen in Fig. 2C, wild-type recombinant R was
e⁄ciently phosphorylated by C in the presence of
cAMP while mutant R, bearing the Ser180 to Ala
change, was not phosphorylated. This result con¢rms
that Ser180 is the autophosphorylation site as pre-
dicted by sequence analysis.
A stoichiometric incorporation of 1 mol of phos-
phate per mol of wild-type R monomers was deter-
mined. One mol of wild-type or mutant recombinant
R was able to bind 2 mol of cAMP, indicating that
nucleotide binding was not a¡ected by the Ser to Ala
mutation (data not shown).
3.3. Inhibition of C kinase activity by recombinant
R subunits
In order to evaluate the impact of the autophos-
phorylation status of R on its interaction with C, the
ability of the recombinant wild-type R subunit to
inhibit kemptide phosphorylation was measured for
both the unphosphorylated and the Ser180 phos-
phorylated forms of R. As can be seen in Fig. 3,
the presence of MgATP during the preincubation
step greatly diminished the ability of wild-type R to
associate with C. This is indicated by the shift of the
curve to the right. Half-maximal inhibition of C ki-
nase activity was observed at about 4 nM and 33 nM
of wild-type R dimers, in the absence and presence of
MgATP respectively.
The phosphorylation status of wild-type recombi-
nant R in the presence of MgATP was assessed using
[Q-32P]ATP. It was observed that in all cases, R was
in a fully phosphorylated state at the end of the
preincubation period (data not shown). Therefore,
one must assume that it is the phosphorylated form
of wild-type R which interacts with C when holoen-
zyme reconstitution experiments are performed in the
presence of MgATP. To rule out the possibility that
MgATP itself plays a role in the interaction between
R and C, as has been suggested for type I R/C in-
teraction [24], similar experiments were performed
using the Ala180 R mutant. As can be seen in Fig.
3, the presence of MgATP did not modify the reas-
sociation kinetics of the mutant R, indicating that
the phosphorylation of R at Ser180 is responsible
for the decrease in the a⁄nity between R and C,
thus impairing formation of the inactive holoenzyme.
3.4. Dissociation of reconstituted holoenzymes by
cAMP
To assess the e¡ect of R phosphorylation status on
R/C dissociation kinetics, holoenzymes were pre-
Fig. 4. Dissociation of reconstituted PKA holoenzymes by
cAMP. PKA catalytic subunit (0.1 pmol) was preincubated
with 100 pmol of recombinant wild-type (a,b) or mutant (E,F)
R subunits for 60 min at 30‡C in the presence (b,F) or absence
(a,E) of MgATP. PKA phosphotransferase activity was mea-
sured after an additional 5 min incubation period at 30‡C in
the presence of di¡erent amounts of cAMP. Each value repre-
sents the mean þ S.D. for three independent experiments.
Fig. 3. Kinetic analysis of the e¡ect of R phosphorylation on C
phosphotransferase activity. C subunit (2 nM) was preincubated
for 60 min at 30‡C with various amounts of recombinant wild-
type (a,b) or mutant (E,F) R in the presence (b,F) or absence
(a,E) of MgATP as described in Section 2. Measurement of the
catalytic activity was initiated by the addition of kemptide and
[Q-32P]ATP. Each value represents the mean þ S.D. for three in-
dependent experiments. 100% phosphotransferase activity corre-
sponded to 0.25 nmol/min.
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pared by mixing 2 nM of C subunit with 2 WM of
wild-type or mutant R subunits, in the presence or
absence of MgATP. Phosphotransferase activity of
the reconstituted holoenzymes was then measured
in the presence of various cAMP concentrations.
Fig. 4 shows that inclusion of MgATP in the prein-
cubation step resulted in a shift of the cAMP dose^
response curve to the left, indicating that the holo-
enzyme formed was more readily dissociated by
cAMP. The holoenzyme reconstituted with mutant
R showed essentially identical curves in the presence
or absence of MgATP in the preincubation step.
Again, these results indicate that there is a signi¢-
cant decrease in the a⁄nity between R and C sub-
units when R is in the phosphorylated form, and that
the presence of MgATP does not a¡ect the a⁄nity
between R and C subunits when R Ser180 is absent.
3.5. In vivo studies
To analyze the in vivo phosphorylation of R sub-
unit, C. albicans yeast cells were metabolically la-
beled with [32P]orthophosphate. Immunoprecipitated
R subunits were submitted to a 15% SDS^PAGE as
described in Section 2. As can be seen in Fig. 5A,
autoradiography of the membrane revealed the pres-
ence of a labeled protein (lane 1) corresponding to
the band recognized by the speci¢c anti-R antiserum
(lane 2). Phosphoamino acid analysis of the labeled
protein showed that phosphoserine was the only
phosphoamino acid in the hydrolysate (Fig. 5B).
4. Discussion
This paper reports results from experiments con-
ducted to determine the in£uence of C. albicans PKA
regulatory subunit phosphorylation status on the in-
teraction with PKA catalytic subunit using recombi-
nant wild-type and the Ala180 mutant R subunits.
Recombinant wild-type and mutant R subunits
seem to have been correctly expressed in E. coli con-
sidering that their molecular masses, their immuno-
logical recognition by the anti-R antiserum (see Fig.
2A,B) and the stoichiometry of cAMP were similar
to those observed with native R puri¢ed from
C. albicans [10]. The fact that recombinant wild-
type R incorporated 1 mol of phosphate per mol of
protein, while the Ser180CAla mutant was unable to
be phosphorylated (Fig. 2C), con¢rms that Ser180 is
the amino acid phosphorylated by C, thus implying
that autophosphorylation can e¡ectively take place.
To evaluate the e¡ect of autophosphorylation
on R/C interactions, the dose^response curves of
C phosphotransferase activity in the presence of re-
combinant wild-type or mutant R subunits, and the
cAMP dependence of the dissociation kinetics for
wild-type and mutant reconstituted holoenzymes
were analyzed.
The results from these experiments are consistent
with a decrease in the a⁄nity between subunits pro-
moted by phosphorylation of R as has already been
reported for mammalian RII [25,26]. Thus, half-max-
imal inhibition of C was attained with about 8-fold
higher wild-type R subunit in the presence of
MgATP and the holoenzyme reconstituted under
this condition dissociated with about 5-fold less
cAMP concentration. Replacement of Ser180 by Ala
resulted in a mutant R whose a⁄nity for C, both in
association and dissociation experiments, was slightly
lower than that of the unphosphorylated wild-type R
Fig. 5. In vivo phosphorylation of R subunit and phosphoami-
no acid analysis. (A) Yeast cells grown in phosphate depleted
YPD medium in the presence of [32P]orthophosphate were har-
vested and broken as described in Section 2. The soluble extract
was immunoprecipitated with anti-R antiserum and the pellet
was subjected to a 15% SDS^PAGE. Proteins were transferred
to a PVDF membrane. Lane 1, Western blot of the membrane
revealed with anti-R antiserum; lane 2, autoradiogram of the
membrane. (B) Partial hydrolysis of the 32P labeled R was per-
formed as described in Section 2. Released phosphoamino acids
were resolved by 1D electrophoresis. Circles on the autoradio-
gram indicate the position of standards. P-S, phosphoserine;
P-T, phosphothreonine; P-Y, phosphotyrosine. ‘O’ corresponds
to the origin.
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subunit, and was not overall in£uenced by the pres-
ence of MgATP. It has been reported that, in the
case of S. cerevisiae R subunits, replacement of the
autophosphorylatable Ser by an Ala residue results
in an enhanced a⁄nity for C in the presence of
MgATP [27]. However, since similar experiments in
the absence of MgATP were not performed by these
authors, the behavior of unphosphorylated R sub-
units cannot be compared between the two organ-
isms.
The crystal structure of the recombinant bovine
RIK subunit allowed a detailed molecular and struc-
tural analysis of the regulatory domains involved in
the interactions with the catalytic subunit and cAMP
[28,29]. These studies revealed that the high a⁄nity
observed between the subunits results from the inter-
action of C with two R domains, one of them con-
taining the substrate consensus sequence and the oth-
er located at the C helix of the cAMP-binding
domain A. The fact that the Ser180 to Ala mutation
in the C. albicans R subunit was not su⁄cient to
enable the holoenzyme to be stabilized by MgATP
(a characteristic of type I regulatory subunits) is con-
sistent with the notion that additional sites play a
role in the R/C interactions.
The decreased a⁄nity observed between the R and
C subunits, upon phosphorylation of type II regula-
tory subunits, shows the important role that a neg-
ative charge may play in hindering the proper ac-
commodation of distal domains involved in
holoenzyme formation.
Our results indicate that R is phosphorylated in
vivo in C. albicans. Moreover, preliminary results
indicated that the labeled R resolved in two well
separated labeled isoelectric variants in 2D gels
(data not shown). Although we cannot discard other
posttranslational modi¢cations, very probably they
arise from phosphorylation on more than one serine
residue, since comparison of the deduced amino acid
sequence with the Prosite data base [30] indicates
putative phosphorylation sites for several protein ki-
nases including PKA. Taking into account that in
vitro intramolecular phosphorylation of the R sub-
unit was shown to be rapid and highly e⁄cient [10],
it is possible that one or both of the in vivo labeled R
variants represent autophosphorylated forms of R. If
this proves to be the case, the presence of the auto-
phosphorylated PKA holoenzyme would then allow
C. albicans cells to respond more easily to small
changes in cAMP levels due to the weaker a⁄nity
between the R and C subunits.
Previous results, from ourselves [8] and others [9],
have demonstrated the involvement of the cAMP-
PKA signaling pathway in the C. albicans yeast-to-
hypha morphogenetic transition. The in vitro and in
vivo results presented in this work emphasize the
potential signi¢cance of R phosphorylation on the
regulation of PKA activity in vivo and, consequently,
on the control of C. albicans morphogenesis. Further
work is in progress, focusing on the identi¢cation of
the in vivo phosphorylated sites.
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